species (Uhler 1944 , Weller 1994 or it may enhance the abundance of rare indigenous species (Pendergrass et al. 1999) . Although fire may be a natural event in some wetlands (e.g., Willard and Wakimoto 1995) and is commonly used to manage wetlands (reviewed by Kozlowski and Ahlgren 1974 , Lyon and Stickney 1976 , Wright and Bailey 1982 , Kantrud 1986 , Payne 1992 , Weller 1994 , few studies have quantified the direct effects of burning on individual plant species in wetlands (e.g., Smith and Kadlec 1985a ).
Herein we document the effects of prescribed fall burning on plant species diversity, species richness, and on individual species in a wet meadow plant community in northeastern California that is managed primarily for migrating arctic-nesting geese. Plant communities in the Great Basin floristic region of northern California (Raven 1988) are generally poorly described, and little is known about the effects of disturbances, such as burning, on the dominant plant species. Using a controlled field experiment, we tested the following hypotheses: (1) species diversity and richness of wetland plant communities increase after a disturbance such as fire; (2) the proportion of native versus introduced wetland plant species increases after a natural physical disturbance, such as fire; and (3) burning enhances the use of the wetland plant community by wild geese.
Although our field experiment was designed to determine the effects of prescribed fall burning on the plant community and use of the plants by geese during spring, a statistical comparison of yearly patterns of change in both burned and unburned plots enabled us to investigate how the effects of prescribed burning on plant species are influenced by interactions with other abiotic factors, primarily moisture and flooding regimes, and salinity-alkalinity relationships. We know of no other study that attempts to quantify the relative importance of prescribed burning compared to other important physical factors such as flooding in explaining annual floristic changes in a wetland plant community.
STUDY AREA
This study was conducted in the northern portion of Fall River Valley, Shasta County, California (Fig. 1) . The Fall River Valley is 1 of many valleys on the Modoc Plateau in the Intermountain Region of California and lies at the extreme western edge of the Great Basin floristic region (Raven 1988) . The northern portion of Fall River Valley is a complexly faulted graben that was occupied by a large Pleistocene lake. Deposits from this lake form much of the light-colored clay, silt, and sandy-silt soil in the valley. Annual precipitation averages about 30 cm, with moderately deep snows in the winter, some spring and fall rains, and relatively dry summers (Raven 1988) .
The study area was located on a peninsula at 1009 m between the Tule and Little Tule rivers (Fig. 1) . There, Pleistocene lacustrine deposits are overlain by approximately 1 m of more recent basin deposits. Soils on the peninsula are 85% Pastolla muck (0%-1% slope; classified as medial over clayey, mesic, Mollic Andaquepts) and 15% contrasting inclusion of Whipple soils and organic soils in low positions (Ferrari 1994) . The Pastolla muck soils have low permeability, are poorly drained, and have a high available water capacity. Runoff is ponded, and the water table is high and maintained by flow from springs. In most years, the peninsula has standing water during late winter and spring, but not during summer and fall.
The seasonally inundated wet meadow on the peninsula is separated from the rivers by earthen levees that border the peninsula. Until October 1988, the low-lying wet meadow was partially flooded each spring and then grazed by cattle during summer and fall. Since 1989, the peninsula has been owned and managed by the California Department of Parks and Recreation principally as a feeding and resting site for migrating geese in the spring. Management by state park personnel has involved partially flooding the study area during early spring and prohibiting livestock grazing. Reduced use of the area by geese following exclosure of livestock led us to initiate this study of prescribed burning and its effect on plant communities and use by migrating geese.
METHODS Precipitation, Temperature, and Water Level
Monthly precipitation and temperature data were obtained from a weather station that was operated by the California Irrigation Management District (California Department of Water Resources, Sacramento) about 5 km from the study area. During spring 1991 and 1992, as part of the regular management program, California Department of Parks and Recreation personnel flooded portions of the study area to simulate the seasonal flooding that would occur in the absence of levees after spring rains and increased flows caused by snowmelt in the surrounding mountains. To obtain an indicator of yearly differences in flooding extent, we visually estimated the proportion of each vegetation zone on the study area that was covered by standing water in early March and again in early April in both 1991 and 1992.
Field Experiment VEGETATION MONITORING.-An inventory of plant species on the peninsula was conducted on 15 August 1989 prior to prescribed burning. Native species, such as saltgrass (Distichlis spicata) and foxtail barley (Hordeum jubatum), and introduced species such as swamp timothy (Crypsis shoenoides), quackgrass (Elytrigia repens), and canary grass (Phalaris arundinaceae) were dominant on the peninsula (Table 1) . The survey revealed obvious zonation of the plant community as is commonly observed in seasonally flooded freshwater wetlands with microtopographical elevation changes Smith 1989, Weller 1994) . For purposes of vegetation sampling and analysis, we categorized the vegetation into 3 zones based on the most conspicuous species. (1) Crypsis zone: the east side of the peninsula was dominated by Crypsis shoenoides with Distichlis spicata to a lesser extent (Fig. 1) Hickman (1993) . Absence in the Crypsis (C), Distichlis (D) and Elytrigia (E) zones is indicated by a dash. Presence in the Crypsis, Distichlis, and Elytrigia zones is indicated by an "H" if relative abundance in any block was >5%, by an "M" if relative abundance in any block was at most 2%-5%, and by an "L" if relative abundance in any block was always <2%. Status indicates whether the species is native (N) or introduced (I). (Mueller-Dombois and Ellenberg 1974) . Points were arranged every 2.7 m along 2 randomly selected transects in each of 8 experimental blocks (see below). Transects were parallel and ran the length of each block (approximately 460 m). The same blocks were used across years, but in each year we established a new set of transects; thus, points were independently established within blocks across years. At each point, a sharpened rod (2 mm diameter) was dropped vertically, and species of the plant hit by the rod was recorded. We used a ruler to measure vegetation height every 10.8 m along the same transects. We also measured vegetation height the day after the 2 prescribed burns.
BURNING TREATMENT AND EXPERIMENTAL DESIGN.-We conducted prescribed burning on 3 December 1990 and on 25 November 1991. Burning was timed so that plants were senescent and the residual vegetation was relatively dry. Four burned and 4 unburned blocks were alternately arranged side by side on the peninsula (Fig. 1) . Each block was rectangular (50 × 460 m) and averaged 2.3 ha (range 1.9-2.7 ha). The experimental blocks traversed the moisture and vegetation gradients that were correlated with microtopographical elevation changes (generally lower to the east; Fig. 1 ). We used this experimental design, associated measurements of plant relative abundance, and the statistical analysis described below to determine the relative importance of burning compared to other abiotic factors such as moisture and salinity-alkalinity gradients.
USE OF EXPERIMENTAL BLOCKS BY GEESE.-We monitored use of the experimental blocks by 2 species of herbivorous waterfowl (Cackling Goose, Branta canadensis minima Ridgway, and Pacific Greater White-fronted Goose, Anser albifrons frontalis Baird) from dawn until dusk on 67 days between 15 February and 28 April 1992. When we observed geese, we used scan sampling (Altmann 1974) conducted every 20 minutes to record the number and behavior (feeding or not feeding) of each individual on burned and unburned blocks. All observations were recorded using a 20X-60X spotting scope from a blind located on the levee just east of the experimental blocks (Fig. 1) .
Statistical Analyses
We used repeated measures ANOVA to evaluate annual changes in species diversity, species richness (number of species), and the proportion of native versus introduced plant species in burned and unburned blocks within each vegetation zone. We used Simpson's index of species diversity,
where P i is the proportion of total hits along 2 transects for species i and the summation is across all plant species (Simpson 1949 The total number of hits per block for each plant species was used as the dependent variable, which emphasizes proportions (i.e., relative abundance) of each species. The use of correspondence and canonical correspondence analyses is well established in studies such as ours (ter Braak and Prentice 1988, Palmer 1993) . To preserve sufficient statistical power, we used only the 8 most common species in the contingency table analysis. For CANOCO analyses, we included only the 16 most common species (Table 1) . We verified that all necessary assumptions of correspondence and CANOCO analyses were satisfied (Zar 1999) .
Effects of burning were detected in the multiway contingency tables as significant interactions between treatment (T; burned or unburned) and plant species (S), vegetation zone (Z), or year (Y). We present results on the 5 most common species for which we had the most confidence in interpreting the table results. We included vegetation zone (3 categories: Crypsis, Distichlis, Elytrigia) as an independent variable in the model because our subjective observations and the ordination analysis clearly identified a moisture-related gradient associated with these zones. Including vegetation zone in the model enabled us to detect interactions between the effects of treatment and vegetation zone on relative density of a plant species.
As per multiway contingency table notation, if there was no interaction between 2 variables (e.g., treatment and vegetation zone) we denoted it by separating their symbols with a comma (T,Z), whereas if there was an interaction we denoted it by a lack of a comma (TZ). In multiway contingency table analysis, data are "fit" to certain models that differ in complexity. The saturated model, by definition, always fits the data best (P = 1.0). The goal is to find the simplest model that fits (P > 0.05) the data but that is not significantly different from more complex models that also fit the data (Fienberg 1970 , Jenkins 1975 , following the principle of parsimony. Once the simplest model was determined, we used the methods of Toft (1984a Toft ( , 1984b to determine the exact source of a particular significant interaction. In short, this method involves fitting an appropriate null model or models to the data and then examining calculated standardized deviates (i.e., dimensionless, weighted deviations from expected values). The appropriate null model is the same as the simplest model except that the 1 interaction of interest is removed.
We used the goodness-of-fit test with Yates' correction for continuity (Zar 1999) to evaluate use of burned and unburned experimental blocks by foraging geese.
RESULTS

Precipitation, Temperature, and Water Levels
Growing season (March-September) precipitation was less in 1991 than in 1990 and 1992 ( Fig. 2A) . In 1990, precipitation was greatest during March and especially high in May ( Fig. 2A) . Mean high and low temperatures for a given month were similar in .
Flooding during spring was more extensive in 1991 than in 1992. In early March 1991, standing water covered 100% of both the Crypsis and Distichlis zones and 20% of the Elytrigia zone, whereas in 1992 standing water covered 100% of only the Crypsis zone, 50% of the Distichlis zone, and none of the Elytrigia zone. By early April 1991, standing water covered 65% of the Crypsis zone and none of the Distichlis or Elytrigia zones, whereas in 1992 there was no standing water on the study area.
Zonation of Vegetation
Vegetation on the study area was dominated by grasses, sedges, and rushes (Table 1) . In 1990, prior to any burning, the 3 vegetation zones that were identified a priori in the study design were confirmed by the indirect gradient analysis ( Fig. 3): (1) Elytrigia zone where E. repens was associated with H. jubatum, P. arundinaceae, and Lactuca seriola; (2) Distichlis zone where D. spicata was the predominant species; and (3) Crypsis zone where C. shoenoides was associated with Panicum capillare, Chenopodium album, and other less abundant species. In addition, each sampling point in an experimental block was assigned to a vegetation zone. This resulted in 8 sites (1 per experimental block) for each vegetation zone that were identified a priori in the study design. The 8 sites designated to each vegetation zone were distinctly clustered on the ordination near the plant species associated with that vegetation zone (Fig. 3) , demonstrating that the vegetation zones were unambiguous and not arbitrary.
The 1st axis of the unconstrained ordination represented the obvious moisture gradient on the study area, from wet (Crypsis zone) with positive values on axis 1, to intermediate (Distichlis zone), to dry (Elytrigia zone) with negative values on axis 1 (Fig. 3) . By definition, axis 1 explains the most variation in occurrence of species in the ordination; in 1990 it explained 41% of the variation (Table 2A ). The 2nd axis explained an additional 25% of the variation and, given the position of D. spicata (saltgrass) on 1 end of the continuum, this axis appeared to represent a salinity-alkalinity gradient. Axes 3 and 4 represented residual variation.
Efficacy of Burning
Burning in the fall effectively reduced the standing biomass of vegetation as indicated by vegetation height before (measured on 8 September 1990 and 31 August 1991) and just after (measured on 3 December 1990 and 25 November 1991) each burn (repeated measures ANOVA, year effect: F 1, 12 = 0.8, P = 0.386; treatment effect: F 1, 12 = 24.1, P < 0.0001). Vegetation height in burned plots was reduced from 25.0 ± 1.7 cm to 8.2 ± 0.6 cm in 1990, and from 31.7 ± 1.0 cm to 5.3 ± 0.7 cm in 1991, while vegetation height in unburned plots changed relatively less (24.3 ± 1.4 cm to 19.2 ± 1.4 cm in 1990, and 23.0 ± 1.5 cm to 19.6 ± 0.6 cm in 1991). The prescribed burn in fall 1991 reduced residual vegetation more than the burn in fall 1990 (year × time effect: F 1, 12 = 5.4, P = 0.04; treatment × time: F 1, 12 = 104.2, P < 0.0001). Burning was uniform across the blocks, as indicated by the relatively small range in vegetation height after burning (7.0-9.8 cm in 1990, 3.6-7.0 cm in 1991).
Effects of Burning on Attributes of the Plant Community
Although more species occurred in the Distichlis zone ( Fig. 4A ; zone effect: F 2, 18 = 9.7, P = 0.001), the dominance of 1 species, D. spicata, resulted in the Distichlis zone having the lowest diversity index for all zones (Fig. 4B) . Species diversity was highest in the Crypsis zone ( Fig. 4B ; zone effect: F 2, 18 = 16.3, P < 0.001), reflecting more equitable relative abundance of species there. Both richness and diversity of species were highest in 1991 (year effect, richness: F 2, 36 = 26.3, P < 0.0001; year effect, diversity: F 2, 36 = 29.6; P < 0.0001), although the pattern of annual change in species 
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Monthly precipitation (cm) richness and diversity depended on the vegetation zone (year × zone interaction, richness: F 4, 36 = 4.2; P = 0.007; year × zone interaction, diversity: F 4, 36 = 9.5, P < 0.0001). About 50% more species occurred in all 3 vegetation zones in 1991 than in 1990 (Fig. 4A ). Higher species richness was maintained in the Crypsis and Distichlis zones in 1992, but species richness declined in the Elytrigia zone in 1992. In 1991, species diversity increased by about 50% in the Crypsis and Distichlis zones but increased only slightly in the Elytrigia zone (Fig. 4B) . In 1992, species diversity declined in all 3 vegetation zones.
Burning had no significant effect on species richness (treatment effect: F 1, 18 = 0.1, P = 0.759; year × treatment interaction: F 2, 36 = 1.1, P = 0.358; year × treatment × zone interaction: F 4, 36 = 0.5; P = 0.767; Fig. 4A ) or on the proportion of native versus introduced plant species (treatment effect: F 1, 18 = 0.6, P = 0.454; year × treatment interaction: F 2, 36 = 0.4, P = 0.665; year × treatment × zone interaction: F 4, 36 = 1.4, P = 0.243). Burning had a significant effect on species diversity (Fig. 4B) , although the increase in species diversity associated with burning was more apparent in 1991 than in 1992 (treatment effect: F 1, 18 = 0.8, P = 0.377; year × treatment interaction: F 2, 36 = 4.3, P = 0.02; year × treatment × zone interaction: F 4, 36 = 1.5, P = 0.237).
To examine how much variation was explained by the effects of burning, we constrained the ordination with 1 environmental variable, the burn treatment, using canonical correspondence analysis. In this direct gradient analysis, axis 1 discriminated between burned and unburned sites (Fig. 5, Table 2B ). As expected, in 1990 prior to the prescribed burning, axis 1 explained little (0.6%) of the variation in plant species (Table 2B) , and most species were close to 0 on axis 1 (Fig. 5A) . In this direct gradient analysis, only axis 1 was constrained by us to show the effects of the burn treatment. Axes 2 to 4 were unconstrained and, as before, were ordered by the degree to which they explained variation in plant species abundance. Thus, axis 2 represented the moisture gradient (compare with axis 1 in Fig. 3) ; axis 3 represented the proposed salinity-alkalinity gradient (compare with axis 2 in Fig. 3) ; and axis 4 contained the residual variation (Table 2B) .
Plant species increasingly diverged along axis 1 after 1 year (Fig. 5B ) and 2 years ( Table 1 . Key species for each of the 3 identifiable vegetation zones are in boldface type.
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was explained by the effect of burning, increasing to 5% in 1991 and to 10% in 1992; and the species-burn treatment correlation increased notably (Table 2B) . However, the moisture gradient represented by axis 2 remained the most important environmental factor even after 1 and 2 years of burning (Fig. 5) . This ordination analysis of species-specific responses also suggests that the effect of burning depended on vegetation zone (representing the moisture gradient), in that the species diverged in the 2-dimensional ordination along a diagonal (compare Figs. 5A and 5C ).
Effect of Burning on Individual Plant Species
The relative abundance of plant species within each of the 3 vegetation zones changed across years in both burned and unburned blocks (Fig. 6) . We assessed the relationship between the species-specific effects of burning and the moisture gradient using multiway contingency table analysis.
The effects of burning on abundance of the 8 most common plant species differed among species, and interacted with vegetation zone (reflecting the moisture gradient) and year (Fig. 6) [Y] ) was the only model that fit the data (χ 2 [likelihood ratio chi-square] = 0.0, P = 1.0). However, the χ 2 value for fitting the next-less-complex model of all possible 3-way interactions (model: (YTZ,STZ,SYZ,SYT), χ 2 = 74.5, df = 21, P < 0.00001) was relatively small (χ 2 values for models containing only the much simpler 2-and 1-dimensional effects were greater than 4500) suggesting that the additional information provided by the 4th-order interaction was not great.
Given that the 4-way interaction was relatively uninformative, we analyzed key-component 3-way models, decomposing the 4-way model along certain dimensions. We first analyzed years separately while including the species effect [S] . As expected, the [STZ] model was the simplest model that fit the data in all years. Prior to the prescribed burn in 1990, the treatment effect [T] alone was not significant (χ 2 = 1.96, P = 0.16), nor was the species-treatment interaction (χ 2 = 2.45, P = 0.94). The [SZ] interaction was the strongest effect (χ 2 = 804.2, P << 0.0000), which meant that the zones differed in species composition. These results supported the study design (i.e., no treatment effect overall before the treatments began) and the ordination results above (Fig. 3) . In 1990, the 3-way [STZ] model was the simplest, best-fit model because of a slight treatment-zone interaction (χ 2 = 14.7, P = 0.0007). Thus, there was a pretreatment difference in plant density in the blocks designated for burning versus the control blocks that depended on the zone. This pretreatment bias was also evident in the ordination and will be discussed below under the individual species that contributed to it. Finally, by 1992 the treatment effect was much stronger and statistically significant (χ 2 = 98.5, P <0.0000). Thus, burning had a measurable effect on the plant community in all zones. TABLE 2. Summary of indirect (A) and direct (B) gradient analyses. The sum of eigenvalues, the species-burn treatment correlation, and the cumulative percentage of variation in plant species explained by each axis provide different measures of the explanatory power of the ordination. In the indirect gradient analysis, in which all axes are unconstrained, axis 1 represents the moisture gradient and axis 2 represents a salinity-alkalinity gradient; axes 3 and 4 measure residual variation. In the direct gradient analysis, axis 1 is constrained by burn treatment and the remaining axes are unconstrained; axis 2 represents the moisture gradient, axis 3 represents a salinity-alkalinity gradient, and axis 4 measures residual variation. Next we analyzed the 3-way tables by species (Table 3) , interpreting and expanding on patterns evident in Fig. 6 . To determine how the effect of burning differed by vegetation zone and year, we examined departures from 2 null models: (1) Table 5 ). We interpreted these results, by species, as follows:
DISTICHLIS SPICATA.-D. spicata was common throughout the study area (Fig. 6 ), but its relative abundance was greatest in the Distichlis zone (by definition), which was intermediate on the moisture gradient (Fig. 5) . Before the burn treatment in 1990, D. spicata was more abundant than expected in the to-be-burned sites in the Distichlis zone (Fig. 6, Table 5 ). After the initial burn treatment in 1991, D. spicata was less abundant than expected in the burned blocks than it was in the unburned blocks (Fig.  6 , Table 5 ) when spring flooding was extensive. The negative effect of burning on D. spicata in the Distichlis zone in 1991 was not as obvious after the 2nd burning in 1992 (Fig. 6 , Table 5 ). In 1991, the abundance of D. spicata showed the strongest differences among zones (Table 4) (Fig. 6) , which was wettest on the moisture gradient. Before the burn treatment in 1990, C. shoenoides was slightly more abundant than expected in the to-be-burned sites in the Crypsis zone, and less abundant in the to-be-burned blocks in the Distichlis zone and especially in the Elytrigia zone (Fig. 6, Table 4 ). Crypsis shoenoides was suppressed by burning in the drier Distichlis and Elytrigia zones, especially in 1992, although burning did not suppress C. shoenoides as much in the Crypsis zone (Fig.  6, Tables 3, 4, 5) . Thus, the abundance of C. shoenoides was generally suppressed by burning, although the strong [YZ] interaction (Table  3) indicated that the strength of the burning effect depended on the vegetation zone and year.
ELYTRIGIA REPENS AND PHALARIS ARUNDINA-CEAE.-These species were relatively rare overall, and absent from the Crypsis zone (Fig. 6) . Before the burn treatment in 1990, P. arundinaceae was less abundant in the to-be-burned sites in the Distichlis and Elytrigia zones, while E. repens was less abundant in the to-beburned sites in the Distichlis zone, but not the Elytrigia zone (Fig. 6, Tables 4, 5 ). After the 1st burn treatment, P. arundinaceae and especially E. repens were less abundant than expected in the burned blocks than they were in the unburned blocks in 1991 (Fig. 6 , Tables 4 and 5) when spring flooding was more extensive. In 1992, both E. repens and P. arundinaceae were more abundant than expected in the burned than in the unburned blocks in the Distichlis and Elytrigia zones (Fig. 6, Table 5 ). For both E. repens and P. arundinaceae, the treatment-by-year interactions [TY] were the strongest of the 3 possible 2-way interactions (Table 3) .
2007]
EFFECTS OF BURNING ON WETLAND PLANTS AND GRAZING GEESE 311 
Effect of Burning on Numbers and Behavior of Geese
Cackling Geese were observed using the peninsula (Fig. 1) on 1 of 67 observation days. On 23 March, 30 Cackling Geese fed for less than 30 minutes in the southern tip of the peninsula and were never close to the experimental blocks. White-fronted Geese were observed using the peninsula on 10 of 67 observation days. On 4 of the 10 days (1 April, 3 April, 10 April, and 17 April), White-fronted Geese were observed using the experimental blocks. On 10 April, 2 geese were present from 1100 hours to 1130 hours, and on 17 April, 6 geese were present from 0740 hours to 1030 hours. On 1 and 3 April, 15-45 geese were present on the experimental blocks from 0730 hours to 1800 hours; most of this time the geese were resting on the flooded portion of the blocks. After 1600 hours on both 1 April and 3 April, the geese began feeding in the experimental blocks. During these evening feeding periods on 1 April and 3 April, more geese were observed in burned blocks (19.8 and 31.5 geese, respectively) than in unburned blocks (1.3 and 1.0 geese, respectively; significant treatment effect on each day, P < 0.001), and geese fed only when they were in burned blocks (7.8 feeding geese per scan on 1 April, 11.0 feeding geese per scan on 3 April; no feeding geese on either day in unburned blocks; significant treatment effect on each day, P < 0.025).
DISCUSSION
Wetland Plant Communities and the Relative Importance of Fire We found that burning explained, at most, 10% of the total variation in plant species. The moisture and salinity-alkalinity gradients explained the majority (>60%) of the total variation in plant species. Not surprisingly, management of wetlands typically involves manipulating water levels because it so strongly influences the plant community , Weller 1994 ). It does not follow, however, that prescribed burning has an inconsequential effect on wetland plant communities. Instead, our results show that the effects of prescribed burning, like the effects of many other management activities, are often contingent on interactions with other important ecological factors. Below we consider interactions between 3 important ecological factors (burning, moisture, and salinity) as we evaluate the 3 hypotheses initially posed in this study.
Effects of Burning on Attributes of the Plant Community: Does Burning Increase Plant Diversity and Richness, and the Proportion of Native Plant Species?
Species diversity and species richness of plant communities that are infrequently burned typically peak soon after fire and then decline as the community ages (Whelan 1995, Bond and van Wilgren 1996) . In one of the few longterm studies that focused on the effects of fire frequency on diversity and richness of wetland plant communities, species diversity declined with fire frequency (from 2.77 in sites burned at 20-year intervals to 1.64 in annually burned sites) in Spartina wetlands in northeastern Kansas ( Johnson and Knapp 1995) . Most studies of the short-term effects of burning on wetland communities show that burning enhances plant diversity and richness (Schmalzer et al. 1991 , Cowie et al. 1992 , de Szalay and Resh 1997 .
In the wet meadow plant community that we studied over 3 years, burning had no effect on species richness, but burning increased plant species diversity especially in the 2 wetter vegetation zones (Distichlis and Crypsis zones). The increase in plant species diversity was not associated with an increase in the proportion of native versus introduced plant species. Rather, the increase in plant species diversity was caused primarily by a decrease in relative abundance of common native species (e.g., D. spicata) and introduced species (e.g., C. shoenoides) and an increase in relative abundance of less common native species (e.g., H. jubatum, Panicum capillare) and introduced species (e.g., Chenopodium album). Thus, natural disturbances such as fire may increase plant species diversity, but not necessarily the diversity of native plant species.
Burning may initially enhance species richness and diversity in wetlands because it produces bare ground, which provides microhabitat for seedling recruitment (Van der Valk 1986), or because the wetlands are dominated by perennial rhizomatious species that resprout readily after fire (Schmalzer et al. 1991) . Also, burning may be necessary for the persistence of rare, native, fugitive species in these systems (Kirkman and Sharitz 1994, Pendergrass et al. 1999) . Determining which processes are most important in structuring wetland plant communities that are burned requires an understanding of how individual plant species respond to burning.
Effect of Burning on Individual Plant Species
The Clementsian view of an orderly, predictable pattern of succession following disturbance (see Pickett et al. 1987 , Luken 1990 , Glenn-Lewin et al. 1992 ) has been applied to post-fire succession (e.g., Phillips 1934 Phillips , 1935a Phillips , 1935b but has proven generally inadequate, primarily because relative competitive ability often poorly predicts observed changes in plant communities after fire (Bond and van Wilgren 1996) . Fire ecologists instead emphasize the interplay between disturbance frequency, species-specific mechanisms of persistence during a disturbance, ability to establish after a disturbance, and the timing of both disturbance events and key life history variables such as time to reproductive maturity and life span (Noble and Slatyer 1980 , Bond and van Wilgren 1996 , Menges and Hawkes 1998 . Thus, an understanding of the patterns of persistence of individual plant species is essential for predicting temporal changes in plant communities after fire.
In this study, the complexity of the plant community's response to prescribed burning was caused by individual species-specific responses to fire that, in turn, depended on sitespecific abiotic and biotic conditions. Of the 5 perennial plant species that were most abundant at our study area, 1 native species (H. jubatum) was consistently more abundant than expected following burning, and 1 introduced species (C. shoenoides) was consistently less abundant than expected following burning. Two introduced species (E. repens and P. arundinaceae) were less abundant than expected following burning in 1991, when flooding was more extensive, and then more abundant than expected following burning in 1992, when flooding was less extensive. The response of the 5th species (D. spicata, native) to burning was different in each of the 3 vegetation zones representing the physical moisture gradient.
Without disturbance such as fire, H. jubatum was rare in all but the Elytrigia zone, probably because it does not persist in hypersaline soils (Badger and Ungar 1989, 1991) . Of the 5 predominant plant species in our study area, H. jubatum is the only species that effectively invades disturbance-generated bare space both vegetatively and through seed dispersal (Hadley 1970 , Payne 1992 . It also emerges early and grows quickly compared to the other 4 common species (Payne 1992) , although these traits may negatively affect its abundance if early spring fires coincide with the active growth period (Hadley 1970) . Johnson and Knapp (1995) found that wetland plant species, which emerged early in the spring and had rapid shoot growth, increased in relative abundance with frequent fire.
The abundance of C. shoenoides was generally suppressed by burning, particularly in the drier Distichlis and Elytrigia zones, and burning effects were weaker on C. shoenoides in the Crypsis zone, where this species was most abundant. A common response to burning is suppression of certain plant species (reviewed by Kirby et al. 1988 , Payne 1992 , and this response is often the motivation to burn wetlands that have encroaching woody vegetation, or to burn dense monospecific stands of Typha, Scirpus, Cladium, Spartina, Phragmites, and other plants that are considered a nuisance when too common (Sale and Wetzel 1983 , Payne 1992 , Weller 1994 .
Both E. repens and P. arundinaceae, which were either suppressed or enhanced by burning (depending on flooding regimen), primarily invade disturbance-generated bare space vegetatively (Lyon and Stickney 1976, Payne 1992) . Like H. jubatum, both E. repens and P. arundinaceae are intolerant of hypersaline soils , Payne 1992 , and in our study they were relatively common only in the drier Elytrigia zone. Our results suggest that the abundance of both E. repens and P. arundinaceae may be reduced by burning combined with spring flooding.
D. spicata is a native perennial that rapidly invades disturbance-generated bare space vegetatively (Bertness 1991) . It is also quite tolerant of stressful physical conditions, such as hypersaline soils (Hansen et al. 1976 , Skougard and Brotherson 1979 , Bertness and Ellison 1987 , Brotherson 1987 or burial by floating plant debris (Bertness 1991) . However, if flooding occurs soon after burning in the fall, standing crop of Distichlis spicata during the next growing season is dramatically decreased (Smith and Kadlec 1985a) . If flooding is delayed 2-7 weeks after burning in the fall, the depression of D. spicata is much less extensive (de Szalay and Resh 1997) . We found that fall burning reduced D. spicata abundance during the next growing season, especially when spring flooding was extensive, although the level of response was different for each of the 3 vegetation zones.
Does Fall Burning Enhance the Use of Wetlands by Migrating
Geese during Spring?
Prescribed burning of wetlands is used to inhibit invasion of shrubs into graminoid wetlands (Kushland 1990) , to enhance the abundance of rare indigenous species (Pendergrass et al. 1999) , to improve the quality and quantity of available forage for grazing (McAtee et al. 1979a , 1979b , Smith et al. 1984 , Schmalzer and Hinkle 1993 , and to encourage growth of preferred wildlife food for migratory and wintering waterfowl and shorebirds (Givens 1962 , Goodwin 1979 , Kadlec and Smith 1989 . In such systems, burning in the fall or early spring followed by flooding generally improves habitat conditions during the next growing season, whereas burning in summer reduces wetland plant cover during the summer nesting season and reduces habitat quality for waterfowl in fall and winter (Martz 1967 , Fredrickson and Taylor 1982 , Laubhan 1995 , Fredrickson and Laubhan 1996 .
At our study area, the seasonally flooded wetland is managed primarily for spring migrating waterfowl, especially grazing geese, on the assumption that burning in the fall followed by flooding in the spring enhances the availability of newly growing forage because this regime reduces residual litter and provides adjacent flooded sites for birds while they rest. We found that when geese used the experimental blocks for feeding there was a clear preference for burned compared to unburned blocks. Thus, fall burning on a larger scale may provide suitable habitat for grazing geese during their spring migration. Because herbivores directly influence wetland plant communities (Bakker 1985 , Fuller et al. 1985 , Bazely and Jefferies 1986 , Foote et al. 1988 , burning may affect the interaction between the herbivore and its food supply, although evidence for such an interaction between fire and herbivory is currently lacking for wetlands (Taylor et al. 1994 , Miller et al. 1997 but not for other systems (e.g., grasslands [Hobbs et al. 1991] ). If more geese had fed in the experimental blocks during our study, then preferential grazing by geese may have affected the wetland plant community along with burning.
Management Implications
Prescribed burning is an important management tool, especially for ecosystems such as prairies, scrublands, and wetlands that have fire as part of their natural history. Determining the effect of prescribed burning on such plant communities is complicated because its effect is often not simply positive or negative, but is contingent on other important ecological factors (Packard and Mutel 1997, Menges and Hawkes 1998) . Using an experimental approach, we show that prescribed burning has direct, positive effects on some wetland plant species (e.g., H. jubatum) and direct negative effects on others (e.g., C. shoenoides). However, the response of other wetland plant species to prescribed burning depended upon the coincident effects of moisture and salinity-alkalinity gradients. Given this interactive dependency, the use of fire to promote certain plant species has, not surprisingly, produced mixed results (Pendergrass et al. 1999) . We suggest that effective management of complex ecological systems like wetlands requires the use of experimental studies such as ours to determine the direct and indirect effects of certain management activities.
Like the management of many other ecosystems, wetland management typically involves implementation of multiple activities. The objectives of wetland management at our study site are typical of many managed wetlands and include (1) enhancement of native plant species, (2) control of invasive introduced plant species (e.g., P. arundinacea), and (3) provision of appropriate habitat for native fauna. Prescribed burning in fall combined with flooding in spring achieves the latter goal because burning removes residual cover and makes new spring growth of plants available to geese, and flooding provides safe roost sites adjacent to feeding areas. Prescribed burning combined with flooding does not increase the proportion of native versus introduced plant species, although some native species (e.g., H. jubatum) were enhanced by burning. Control of P. arundinacea in these wetland plant communities may be possible if prescribed fall burning is followed by flooding in spring, although further study of the interaction between burning and flooding on the abundance of this invasive introduced species is needed.
